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Male epimorphin–/– mice are infertile. Intercrosses of epimorphin+/– 
mice produced the expected ratio of WT (n = 144), heterozygous 

























Generation and characterization of epimorphin–/– mice. (A) Targeting 
scheme to disrupt the epimorphin locus. Homologous recombination 
between the targeting vector and the WT allele produced the targeted 
allele in which 30 bp of the coding sequence in exon 1 and 1015 bp in 
intron 1 of the epimorphin gene were replaced by the coding sequence 
of enhanced GFP and a Neo cassette. The black bar represents the 
location of the probe used to identify targeted ES cell clones. The 
arrows denote the position of the initiator methionine of epimorphin 
and GFP. (B) Southern blot hybridization of Hind III–digested genomic 
DNA. A 10.4-kb band in the targeted allele and 8.7-kb band in the WT 
allele were produced as expected. (C) Immunoblot analysis of protein 
extracts from epimorphin WT (+/+), heterozygous (+/–), and null (–/–) 
mice. Total protein from small intestine, colon, liver, kidney, and testis 
(100 μg per tissue) was loaded onto the gel. Epimorphin was reduced 
in the tissues of heterozygous mice and absent in null mice.
Table 1
Reproductive defects in epimorphin–/– mice
	 Genotype
Male	(n)	 Female	(n)	 Litter	number	 Litter	size	
	 	 	 (mean	±	SEM)
+/+ (1) –/– (3) 3 6.3 ± 1.2
+/– (4) –/– (7) 12 6.5 ± 0.8A
+/– (20) +/– (30) 62 8.4 ± 0.2
–/– (10) +/+ (10) 0 0
 +/– (10) 0 0
 –/– (10) 0 0
Breeding pairs of various genotypes of mice, ranging from 8 to 16 weeks 
old, were caged together for 10–16 weeks. Each male was housed with 
1–4 females. Pregnant females were separated before delivery. The 
number of pups in each litter was recorded within 24 hours after birth.  
AP < 0.05 compared with male epimorphin+/– × female epimorphin+/–.
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Increased intestinal crypt cell proliferation, crypt depths, villus heights, 


















Comparison of testicular weight and histology in WT and epimorphin–/– 
mice. (A) Testes of 3-week-old and 4-month-old WT (n = 16 and 29, 
respectively) and epimorphin–/– (KO) mice (n = 16 and 13, respectively) 
were dissected and weighed. Data are expressed as mean ± SEM. 
*P < 0.005; **P < 0.001. (B–G) Testes from 3-month-old mice of various 
genotypes. (B) Representative H&E-stained cross section of testis from 
a WT mouse, demonstrating normal spermatogenesis. (C) Representa-
tive cross section from an epimorphin–/– mouse. Note the absence of 
spermatids in the seminiferous tubules and the detachment of meiotic 
germ cells in clusters from the basal lamina of seminiferous tubules 
(arrows). (D) Cross section from an epimorphin–/– mouse, demonstrat-
ing germ cells in the seminiferous tubule exhibiting the darkly stained 
condensed nuclei that are characteristic of apoptotic cells (arrows). (E 
and F) Sections from a WT testis (E) and an epimorphin–/– testis (F) 
incubated with an anti–5-BrdU antibody to detect proliferating sper-
matogonia, as described in Methods. (G). Immunohistochemical analy-
sis of epimorphin expression in normal testes. Sections were incubated 
with an anti–syntaxin 2 antibody preabsorbed with testis protein isolat-
ed from epimorphin–/– mice and were stained as described in Methods. 
Arrows indicate brown stain in Leydig cells.
Figure 3
Comparison of small intestinal and colonic lengths and liver weights in adult (4 months old) WT and epimorphin–/– mice. (A) Small intestinal 
lengths, (B) colonic lengths, and (C) liver weights were measured in 4-month-old WT (male, n = 16; female, n = 9) and epimorphin–/– (male, n = 13; 
female, n = 16) mice as described in Methods. Data are expressed as means ± SEM. *P < 0.05; **P < 0.005; #P < 0.02.
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Quantitative morphometric analysis of the small intestines of 3-week-
old WT and epimorphin–/– mice. (A) Villus heights, (B) crypt depths, (C) 
crypt cell proliferation, i.e., 5-BrdU incorporation, and (D) crypt fission 
in proximal jejunum from WT and epimorphin–/– mice were measured 
as described in Methods. Data are expressed as mean ± SEM. WT, 
n = 14; KO, n = 16. *P < 0.05; **P < 0.02.
Figure 5
Crypt cell proliferation, crypt fission, villus morphology, and epimorphin 
expression in small intestine of epimorphin–/– mice. (A and B) Repre-
sentative histologic section depicting immunohistochemical detection 
of 5-BrdU incorporation into crypt epithelial cells in proximal jejunum 
of 3-week-old WT (A) and epimorphin–/– (B) mice. Note the increase in 
5-BrdU–labeled cells in the null mice. (B and C) Crypt fission is detect-
ed in proximal jejunum of epimorphin–/– mice in 5-BrdU–immunostained 
tissue (B, arrow) or in H&E-stained tissue (C, arrow). (D) Abnormal 
villus morphology in 3-week-old epimorphin–/– intestine. (E) Epimor-
phin expression in stromal cells of jejunum. Epimorphin was detected 
with an anti–epimorphin–syntaxin 2 antibody, which was preabsorbed 
with purified intestinal protein from epimorphin–/– mouse jejunum, 
as described in Methods. Arrows depict stromal myofibroblasts that 
express epimorphin.
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BrdU  incorporation  in  epimorphin–/–  intestine,  nuclear  frac-
tions were prepared from the intestines of WT and null mice. 




























































Intestinal expression of Wnt and Bmp target genes and TGF-β 








Cyclin D1B 1.26 0.04
Smad7B 0.83 0.01
Quantitative real-time RT-PCR analyses were performed on proximal jeju-
nal total RNA isolated as described in Methods. Results are expressed as 
fold change in steady state mRNA levels: epimorphin–/–/WT. AWT, n = 10; 
epimorphin–/–, n = 13; BWT, n = 18; epimorphin–/–, n = 20.
Figure 6
β-catenin expression in epimorphin–/– and WT mouse intestine. Nuclear 
protein isolation was performed as described in Methods. (A) Repre-
sentative immunoblots of intestinal nuclear protein from WT, epimor-
phin–/–, and epimorphin+/– (HET) mice. Nuclear proteins (20 μg per lane) 
were electrophoresed, and immunoblots were incubated with an anti–
β-catenin antibody. Blots were sequentially probed with an anti-lamin 
B1 antibody to control for differences in loading. (B) Quantification of 
nuclear β-catenin expression normalized to lamin B1 expression.
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Immunohistochemical analysis of Bmp expression in epimorphin-trans-
fected myofibroblast–Caco-2 cell grafts in nude mice. Bmp expres-
sion was detected with an anti-Bmp2/Bmp4 antibody as described in 
Methods. (A) Bmp expression in grafts containing epimorphin-overex-
pressing myofibroblasts. Thin arrows indicate stromal myofibroblasts 
that exhibit increased Bmp expression. Thick arrow indicates Caco-2 
epithelial cells that also show Bmp expression. (B) Bmp expression in 
grafts containing myofibroblasts in which epimorphin is inhibited. There 
is a marked decrease in Bmp expression in stromal myofibroblasts and 
epithelial Caco-2 cells compared with A.
Figure 8
Bmp4 alters growth and spreading of Caco-2 cells cocultured with epi-
morphin antisense-transfected myofibroblasts. (A and B) Caco-2 cells 
were cocultured with epimorphin antisense-transfected myofibroblasts, 
in which epimorphin expression had been inhibited, in vehicle con-
trol media. Large Caco-2 cell colonies are noted, spreading over the 
myofibroblast surface (thin arrows). A few scattered smaller colonies 
are also seen. Two different antisense transfected myofibroblast cell 
clones are depicted in A and B. (C and D) Addition of 100 ng/ml (C) or 
200 ng/ml (D) Bmp4 to epimorphin-antisense–transfected myofibro-
blast–Caco-2 cocultures. Thin arrows depict Caco-2 colonies. Note the 
appearance of multiple small round colonies resulting from addition of 
Bmp4. Only a few scattered larger Caco-2 cell colonies are seen, in C 
only (short arrow). Magnification, ×100.
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Reduced severity of DSS-induced colitis in epimorphin–/– mice
	 Body	weight		 Day	FOB		 Clinical		
	 loss	(%)	 first	detected	 score
+/+ Vehicle 2.4 ± 1.3 N/A 0.8 ± 0.3
–/– Vehicle 2.1 ± 1.5 N/A 1.0 ± 0.3
+/+ DSS 17.6 ± 1.7 2.9 ± 0.3 3.3 ± 0.2
–/– DSS 11.3 ± 1.8A 4.1 ± 0.2B 2.6 ± 0.2A
Male WT (+/+) or epimorphin–/– mice received drinking water (vehicle) 
with or without 5% DSS. Body weight change, stool consistency, and 
detection of intestinal bleeding were recorded daily, and a clinical score 
(scale 0–4) was calculated as described in Methods. Changes in body 
weight after DSS administration for 7 days were expressed as percent-
age changes from initial weight. WT and epimorphin–/– mice receiving 
water only, n = 6 and 6, respectively; WT and epimorphin–/– mice receiv-
ing 5% DSS in drinking water, n = 14 and 11, respectively. Data are 
expressed as means ± SEM. AP < 0.02 and BP < 0.005 versus WT DSS. 
FOB, fecal occult blood.
Figure 9
Comparison of colonic epithelial injury and proliferation after DSS administration in WT and epimorphin–/– mice. Male WT and epimorphin–/– mice 
were sacrificed after receiving drinking water with or without 5% DSS for 7 days. The colons were collected and processed for histological studies 
as described in Methods. (A) The severity of epithelial injury was assessed by a grading system (22) described in Methods. Proximal colon, WT 
and KO, n = 12 and 9, respectively; *P < 0.01; distal colon, WT and KO, n = 11 and 11, respectively. Data are expressed as means ± SEM. (B). The 
percentages of fields involved with either grade I, II, III, or IV injury (23, 24) were quantified as described in Methods. WT, n = 9; KO, n = 9. Data 
are expressed as means ± SEM. #P < 0.005, ##P < 0.05. (C) Colonic crypt cell proliferation was assessed by quantification of 5-BrdU incorporation. 
Proximal colon, WT and KO, n = 12 and 7, respectively; distal colon, WT and KO, n = 6 and 4, respectively. Data are expressed as means ± SEM. 
†P < 0.001. (D) Number of epithelial cells per colonic crypt. Proximal colon, WT and KO, n = 12 and 7, respectively; distal colon, WT and KO, n = 6 
and 4, respectively. Data are expressed as means ± SEM. Increased crypt cell proliferation and crypt cell hyperplasia are noted in KO mice.
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Overexpression of a  soluble  form of epimorphin  in mam-
mary gland (using the whey acidic protein promoter to over-





























































Representative histologic sections demonstrating more severe muco-
sal injury in DSS-treated WT mouse colon and enhanced crypt cell 
proliferation in DSS-treated epimorphin–/– mouse colon. (A and B) 
Inflammatory cell infiltration and epithelial erosions were evident in 
the colonic mucosa after 7 days of DSS administration. However, as 
shown in representative H&E-stained histologic sections, ulcerative 
lesions were more common in WT mice (A) and less severe injury (B) 
was more frequent in epimorphin–/– mice. (C and D) Crypt cell prolifera-
tion in colonic mucosa adjacent to ulcerative lesions in DSS-treated 
WT (C) and epimorphin–/– mice (D).
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5′-GCTGGAATTACCGCGGCT-3′;  mIFN-γ,  forward  5′-GGCAAGC-
CAAGATCTCAGTCA-3′  and  reverse  5′-CCACGGCCCCCATACA-3′; 
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